Objectives: Investigate the role of the transient receptor potential melastatin 4 (TRPM4) channel in rat dental pulp stem cell (DPSC) proliferation and survival.
clamp recordings were obtained from single cells in the whole-cell configuration mode.
The significance of TRPM4 for proliferation and survival was examined with 9-phenanthrol, a TRPM4 inhibitor during a 96-hour period of culture. Real-time Ca 
Conclusions:
Rat DPSCs have stem cell characteristics and functional TRPM4 channels that are required for proliferation and survival. These data suggest that the shape and frequency of intracellular Ca 2+ signals may mediate stem cell proliferation and survival.
| INTRODUCTION
Dental pulp stem cells (DPSCs) of mesenchymal origin are a potential source of stem cells capable of differentiating into specialized tissues. 1, 2 They can differentiate into osteoblasts to promote the repair and regeneration of alveolar bone defects 3 and grow into dental pulp-like tissue in a matrix of dentin. 4 When cultured on a perforated collagen scaffold, DPSCs differentiate into odontoblast-like cells in the presence of Dentin Matrix Acidic Phosphoprotein-1. 5 Nam et al.
reported odontoblastic differentiation and dentin deposition when DPSCs were grown on porous granules of Ca 2+ phosphate, even in the absence of induction. 6 In vivo experiments have shown that in combination with a collagen scaffold and DMP-1, these cells can regenerate dentin in perforated molars. 7 Other studies have revealed that DPSCs can be used in the repair or treatment of non-dental tissues because they develop into new bone when injected into defective regions of the mandible. 8 DPSC co-culture with mesencephalic neurons reduces neuronal destruction from MPP+ and rotenone in a model for Parkinson's disease. 9 In addition, DPSCs can enhance wound healing 10 and differentiate into neural progenitor cells, 11 odontoblasts and endothelial cells. 12 The process of stem cell proliferation and differentiation is controlled by a network of intracellular signalling pathways triggered by hormones, ion channels, cytokines, and/or growth factors. Despite reports on the use of DPSCs for tissue regeneration, the mechanisms controlling cell proliferation and survival are not fully understood. 
2+
-permeable channel that is essential for cell proliferation and survival. 21 Inhibition of TRPM7 in bone marrow stem cells results in cell death. 22 Deletion of the TRPM7 gene in zebrafish before and during organogenesis results in severe developmental abnormalities, 23 and channel mutation leads to abnormal skeletogenesis, kidney stone formation, albinism and embryonic lethality. 24 In the current study, we characterized, for the first time, the TRPM4 channel in DPSCs and determined its impact on cell proliferation and survival. 
| MATERIALS AND METHODS

| Reagents
| Dental pulp stem cell isolation and culture
Rat dental pulp was harvested from mandibular molars of 5-7-day post-natal Sprague-Dawley rats and trypsinized to obtain a cell suspension. Cells were grown in α-MEM with 20% FBS and incubated at 37°C and 5% CO 2 . At 90% confluence, cells were harvested using
Trypsin-EDTA and passaged into a T-75 flask with an initial density of 2×10 5 cells. Primary cultures were tested for their multipotent capability in osteogenic and adipogenic medium prior to experimentation.
Cells between passages 2-6 were used.
| Immunofluorescence and FACS analysis of CD90
For live-cell staining, cells were seeded in a 24-well plate, and the CD90-APC antibody was added to each well at a concentration of 0.6 μg/mL and incubated at 37°C for 30 minutes. Next, the medium with the antibody was aspirated, and the wells were washed twice to remove any unbound antibody. Finally, 0.5 mL of medium was added to each well, and cells were examined using a Zoe Fluorescence Cell
Imager (Bio-Rad, Hercules, CA, USA). 
| Osteoblast and adipocyte differentiation
The Cells were stained with ORO solution for 5 minutes and washed to remove excess dye. The presence of lipid droplets was visualized by phase-contrast microscopy with an inverted microscope (Zeiss).
| Electrophysiology
Patch-clamp experiments were performed with external solutions containing (in mmol/L) 140 NaCl, 2. For TRPM7 recording, MgCl 2 was absent from the internal solution and was prepared according to previous method. 22 All solutions had an osmolarity of ~300 mOsm/L. TRPM4 currents were recorded in the tight-seal whole-cell configuration mode at room temperature. High-resolution current recordings were acquired using a computer-based patch-clamp amplifier system (EPC-10; HEKA, Lambrecht, Germany). Patch pipettes had resistances of 3-5 MΩ and were coated in Sigmacote ® silicon solution (Sigma-Aldrich). Following the establishment of the whole-cell configuration, 50-ms voltage ramps spanning the voltage range of −100 to +100 mV at a rate of 0.5 Hz over a period of 400-600 s were applied.
All voltages were corrected for a liquid junction potential of 10 mV between the external and internal solutions, calculated with Igor PPT Liquid Junction Potential software (Wavemetrics, Portland, OR, USA).
| Determination of cell proliferation and survival
The Alamar Blue assay was utilized as a non-toxic method to continuously monitor cell growth. Cells were seeded into six-well plates, and experiments were performed at 0, 24, 48, 72 and 96 hour of culture in the presence or absence of the channel inhibitor. At the respective time, the culture medium was removed from each well, and assay medium containing 10% Alamar Blue was added. After 2 hour of incubation, 100 μL assay medium was pipetted into a well of a 96-well plate in triplicate for each sample. Fresh culture and assay medium were used as controls. The plate was placed in a microplate reader model
| Real-time calcium imaging analysis
Cells were loaded with 2 μmol/L Fura-2AM for 30 minutes at 37°C. 
| Data analysis
Cell proliferation was analysed using ANOVA and SAS ® software (SAS Institute Inc., Cary, NC, USA) to determine the effects of treatment 
| RESULTS
| DPSCs are CD90 + and can differentiate into osteoblasts and adipocytes
Immunofluorescence with the CD90-APC stem cell antibody revealed 
| TRPM4 channels are present in DPSCs
Patch-clamp recording in single cells was performed to determine if currents characteristic of TRPM4 currents could be detected.
14,25
Intracellular perfusion with increasing buffered Ca 2+ concentra- Figure 2C ). We also detected the presence of TRPM7 currents in the absence of MgCl 2 in the internal solution ( Figure 2D ,E).
The additional biophysical properties of TRPM4 in DPSCs observed included its voltage dependency and ionic conductivity (Figure 3 ). Intracellular perfusion with buffered Ca 2+ at a 1 μmol/L concentration and holding potential of −80 mV inhibited channel activation, whereas a holding potential of +60 mV facilitated it ( Figure 3A,B) .
To confirm that the TRPM4 currents were due to Na + influx, we substituted NaCl in the extracellular buffer solution for an equimolar concentration of NMDG, which abolished the channel currents 
| TRPM4 is required for DPSC proliferation and survival
To investigate the impact of TRPM4 on cell proliferation and survival, we utilized the TRPM4 inhibitor 9-phenanthrol. 26 We also examined the effect of TRPM7 suppression using the channel inhibitor carvacrol 27 to confirm its requirement for cell proliferation and survival.
21,28
Inhibition of TRPM4 with 10 μmol/L 9-phenanthrol added to the culture medium reduced cell proliferation and survival at 72 hour of culture but as early as 48 hour with TRPM7 suppression by 300 μmol/L carvacrol compared to that in control cells in the absence of the inhibitor ( Figure 4A ,B).
| TRPM4 suppression induces Ca 2+ oscillations
To determine the impact of TRPM4 on Ca 29 This mechanism involves the GSK-3β-dependent degradation of β-catenin and reduced β-catenin/Tcf/Lef-dependent transcription.
| DISCUSSION
The fact that TRPM4 was needed for DPSC proliferation and survival along with the observation in DFSCs that proliferation is also 
